Abstract: We report multi-Watt-level average power 3.28-3.45 µm difference frequency generation using two sychronous picosecond master oscillator power fiber amplifiers. Greater than 3.4 W of idler power is generated across the entire spectral tuning range.
Introduction
Mid-infrared (mid-IR) optical parametric oscillators (OPOs) are now a mature technology, with potential use in diverse applications including remote sensing, military countermeasures and materials processing [1] . OPOs are capable of multi-Watt-level output powers, coupled with very wide spectral and temporal tunability [2] . The resonant cavity, however, imposes a number of constraints: a fixed repetition rate defined by the cavity round-trip time, a need for optics with broadband coatings, careful alignment of the cavity to ensure efficient operation, and the possible requirement of intra-cavity wavelength tuning optics. An alternative to OPOs is to make use of single-pass nonlinear conversion schemes, either (unseeded) optical parametric generation (OPG) or (seeded) optical parametric amplification (OPA). Typical OPA single-pass pulsed conversion schemes use a low-average power continuous-wave (CW) signal seed and a high peak-power pump source [3, 4] . This approach is simple, and generally preferred to OPG, due to the broad spectral linewidths that can accompany unseeded parametric generation. However, the need for a high peak-power pump source can result in CW seeded OPA sources operating close to the optical damage thresholds of the crystal in use, particularly for magnesium oxide-doped periodically poled lithium niobate (MgO-PPLN), potentially leading to long-term reliability issues.
In this Paper, we demonstrate an alternative architecture for single-pass mid-IR generation using two synchronous picosecond master-oscillator power fiber amplifier (MOPFA) systems. The source generates greater than 3.4 W of idler power across the entire tuning range of 3.284-3.450 µm, through single-pass difference frequency generation (DFG) in MgO-PPLN. We achieve a peak converted pump power of 72%, where the total DFG power is the sum of the amplified signal and generated idler powers. This configuration has two key merits over a comparable CW seeded OPA: the use of two pulsed sources lowers the peak-power requirements on the pump source, allowing the peak pump intensity in the crystal to remain below the photorefractive damage thresholds for MgO-PPLN (typically quoted in the range 0.1-1.0 GW/cm 2 at 1.064 µm [3, 4] , manufacturer and crystal specific); and the pulse duration of the idler can be tuned through adjustment of the relative delay between the pump and signal pulses. Herein, we adopt the nomenclature DFG rather than OPA due to the relative powers of the pump and signal.
Source design and experimental results
The experimental setup is shown in Fig. 1 (a) . A Yb-MOPFA, delivering up to 23 W of average power in 150 ps pulses, is combined with an Er-MOPFA, delivering up to 2.1 W of average power with 400 ps pulses. The systems have a common repetition-rate of 39.9 MHz. A telescope is used to adjust the beam diameter of the pump to match the focused pump and signal spot sizes in the crystal [40 × 10 × 1 mm multiple grating MgO-PPLN (5% MgO) crystal (Covesion)]. The pump is focused to a 1/e 2 beam diameter of 150 µm, corresponding to a peak intensity of 28 MW/cm 2 . The two MOPFAs are synchronized using a common clock signal and the temporal overlap of the pulses is optimized using an electronic delay generator, negating the need for an optical delay line that can suffer from misalignment with changing path length. A CaF 2 lens and prism collimates and spatially separates the pump, signal and idler for analysis. Figure 1 (b) shows a typical idler spectrum generated at 3.334 µm, with the full idler tuning range of the source shown in Fig 1 (d) . Tuning is achieved by adjusting the signal wavelength (1.535-1.570 µm), and correspondingly the crystal temperature (130-210 • C). The spectral shape of the idler mimics the spectral features observed in the pump and signal. For a 29.98 µm grating period, the measured signal and idler wavelengths [orange points Fig. 1 (c) ] are in excellent agreement with the calculated phase-matching curve [blue line Fig. 1 (c) ], based on the temperaturedependent Sellmeier equation given in Ref. [5] . Figure 1 (e) shows a representative output power curve at a signal and idler wavelength of 1.56 µm and 3.334 µm, respectively.
Greater than 3.6 W of power in the mid-IR is generated at this pump, signal, and idler combination, with the corresponding pump conversion factors shown in Fig 1 (f) . The maximum pump conversion is 24% (pump to idler), 48% (pump to amplified signal) and 72% (pump to total DFG power). We attribute a roll-off in efficiency at higher pump power to thermal effects, evidenced by a decrease in the phase-matching temperature as the pump power increases. We emphasize, however, that the conversion factors reported here are significantly higher than typically obtained in CW seeded OPA/DFG schemes, due to the peak-power enhancement of a synchronous pulsed signal.
Conclusions
We have demonstrated a wavelength tunable (3.284-3.450 µm) multi-Watt-level (>3.4 W across the whole idler tuning range) source based on DFG of two synchronous picosecond MOPFA systems. Such an architecture allows the pump to be operated well below the damage threshold of PPLN, and is free from the constraints imposed by adopting a resonant cavity approach. The use of MOPFA systems enables the potential for significant power scaling of the mid-IR idler power. We will discuss the ongoing design and implementation of pump source improvements, including work on a higher average power Yb-MOPFA pump system.
